Abstract This study targets at finding the effects of the engine design parameters viz. compression ratio (CR) and fuel injection timing (IT) jointly on the performance with regard to specific fuel consumption (SFC), brake thermal efficiency (BTHE) and emissions of CO, HC, Smoke and NO x with Annona methyl ester (A20) as fuel. Thus A20 can be effectively used in a diesel engine without any modification. Compression ratio of 19.5 along with injection timing of 30°bTDC (before top dead centre) will give better performance and lower emission which is very close to diesel. Comparison of performance and emission was done for different values of compression ratio along with injection timing to find best possible combination for operating engine with A20. It is found that the combined increase of compression ratio and injection timing increases the BTE and reduces SFC while having lower emissions. Diesel (20%) saved, will greatly meet the demand of fuel in railways. 
Introduction
Annona squamosa is a member of the family of Custard apple trees called Annonaceae and a species of the genus Annona known mostly for its edible fruits Annona. It is commonly found in India and Cultivated in Thailand and it originates from the West Indies and South America. A. squamosa produces fruits that are usually called sugar apple or custard apple in English, sitafal in Marathi, sharifa in Hindi, sitaphalam in Tamil and Telugu in India and corossolier and cailleux, pommiercannelle in French. It is mainly grown in gardens for its fruits and ornamental value. It is considered as beneficial for cardiac disease, diabetes, hyperthyroidism and cancer. The root is considered as a drastic purgative.
In this paper we reported that A20 gives better performance and reduction emissions are achieved. These studies were carried out in different types of engines (stationary/mobile; single cylinder/multi cylinder; constant speed/variable speed) with bio-diesel prepared from different oil origins. To sum up the results of these studies, a cumulative study taking some or all the parameters at a time in one type of engine is still missing. To fill this gap, the study was done with an objective of finding the optimum engine design parameters viz. compression ratio and injection timing, for better performance of diesel blended with bio-diesel (A20) obtained from Annona oil. The aim was to establish the modifications required in small, constant speed, direct injection diesel engines used extensively for agricultural applications so that these can be made to run on diesel and bio-diesel blend with better performance and at the same time improve the emissions.
As per the US department of Energy [1] , the world's oil supply will reach its maximum production and midpoint of depletion sometime around the year 2020. Future projections indicate that the only feasible option is the production of synthetic fuels derived from non-petroleum sources [2] . For substituting the petroleum fuels used in internal combustion engines, fuels of bio-origin provide a feasible solution to the twin crises of 'fossil fuel depletion' and 'environmental degradation'. For diesel engines, a significant research effort has been directed towards using vegetable oils and their derivatives as fuels. Non-edible vegetable oils in their natural form called as straight vegetable oils (SVO), methyl or ethyl esters known as treated vegetable oils, and esterified vegetable oils referred to as bio-diesel fall in the category of biofuels. Bio-diesel is considered a promising alternative fuel for use in diesel engines, boilers and other combustion equipments. These are bio-degradable, can be mixed with diesel in any ratio and are free from sulphur. Although bio-diesel has many advantages over diesel fuel, there are several problems that need to be addressed such as its lower calorific value, higher flash point, higher viscosity, poor cold flow properties, poor oxidative stability and sometimes its comparatively higher emission of nitrogen oxides [3] . Bio-diesel obtained from some feedstocks might produce slightly more oxides of nitrogen (1-6%), which is an ozone depressor, than those of fossil origin fuels but can be managed with the utilization of blended fuel of bio-diesel and high speed diesel fuel [4] . It is found that the lower concentrations of bio-diesel blends improve the thermal efficiency. Reduction in emission and brake specific fuel consumption is also observed while using B10 [5] . The operating parameters must be optimized in light of the specific fuel properties. Effect of injection parameters [6] [7] [8] [9] [10] [11] [12] such as spray [13] , injection timing and compression ratio [14] [15] [16] [17] [18] has been studied in detail at many places. Most of the research studies concluded that in the existing design of engine and parameters at which engines are operating, a 20% blend of bio-diesel with diesel works well [4] . Many researchers indicated the need of research in the areas of engine modifications so as to suit to higher blends without severe drop in performance so that the renewability advantages along with emission reduction can be harnessed to a greater extent. Effect of variations in these parameters has been studied taking one or more parameters at a time [19] .
Transesterification of vegetable oils
Transesterification is the process of using an alcohol (e.g. methanol or ethanol) in the presence of catalyst such as sodium hydroxide (NaOH) or potassium hydroxide (KOH), which chemically breaks the molecule of the raw oil into methyl or ethyl esters with glycerol as a by-product, which reduces the high viscosity of oils. This method also reduces the molecular weight of the oil to 1/3 of its original value, reduces the viscosity, and increases the volatility and cetane number to levels comparable to diesel fuel. Conversion not greatly affects the gross heat of combustion. Transesterification is the change of the trivalent glycerin molecules against 3 molecules of monovalent alcohol methanol. Each is a monoester. In the most vegetable oils, fatty acids with 16 and 18 carbon atoms predominate.
Experimental setup
The schematic diagram of the engine test rig used is shown in Fig. 1 . The engine is fully equipped with measurements of all operating parameters. In the study, compression ignition engine was run with AME (A20) at different compression ratios (16.5, 17.5, 18.5, 19 .5 and 20.5) and injection timings (24, 27, 30 and 33 bTDC) to evaluate the performance, emissions and combustion characteristics at 50% load. The results were compared against the diesel fuel results as well as for different combinations of compression ratio and injection timing. The properties of Annona methyl ester and diesel are shown in Table 1 . 
Specifications of the apparatus
In the test rig there are several instruments/equipments that have been used for the purpose of the experiment. Brief specifications of the instruments are given below. Crypton 290 five gas analyzer
Testing procedure
Engine was started, warmed up at low idle, long enough to establish the recommended oil pressure, and was checked for any fuel, oil leaks. The engine was run on no-load condition and speed was adjusted to 1800 rpm by adjusting fuel injection pump. Engine was run to gain uniform speed, after which it was gradually loaded. Experiments were conducted at different torque levels (0, 8, 16, 24 and 32 Nm). The engine was run for 10 min and data were collected during last 3 min. For 20% biodiesel, performance tests were carried out at five different compression ratios and four different injection timings. The exhaust gas is the sample from exhaust pipeline and passed through a four gas analyzer for measurement of carbon monoxide, carbon dioxide, unburnt hydrocarbon, and oxides of nitrogen present in exhaust gases. A smoke meter is used for measurement of smoke capacity. The measurement range and accuracy of the exhaust gas analyzer and smoke meter is shown in Table 2 .
Results and discussion
Test engine was run with different fuels and time for 10 cc fuel consumption was calculated.
4.1. Effect of injection timing on performance, emission and combustion characteristics 4.1.1. Specific fuel consumption (SFC) Fig. 2 shows the variations of specific fuel consumption for injection timing and for A20 blend when compared to the neat diesel fuel. 30°bTDC of injection timing gives lowest SFC as compared to all other Injection Timings and neat diesel fuel. The specific fuel consumption of the A20 blend at the injection timing of 30°bTDC is 0.346 kg/kW h whereas for diesel it is 0.385 kg/kW h. This may be due to higher viscosity and low volatility which causes better utilization of oxygen leading to better combustion. Fig. 3 shows the variations of brake thermal efficiency for injection timing and for A20 blend when compared to the neat diesel fuel. 30°bTDC gives highest BTE than all other injection timings when compared to that of neat diesel fuel. The brake thermal efficiency of the A20 blend at the injection timing of 30°bTDC is 21.95% and almost equal to that of neat diesel fuel (23.35%). This may be due to combination of low volatility and mass flow rate which indicates inputs to the engine, which in case of A20, are more compared to neat diesel. Fig. 4 shows the variations of Carbon monoxide for injection timing and for A20 blend when compared to the neat diesel fuel. 30°bTDC gives low CO emission than all other injection timings when compared to that of neat diesel fuel. The brake thermal efficiency of the A20 blend at the injection timing of 30°bTDC is 0.08 ppm whereas for diesel it is 0.095 ppm. This may be due to oxygen concentration and cetane number. Since AME fuel contains oxygen it acts as a lesser combustion promoter inside the cylinder.
Brake thermal efficiency (BTE)

Oxides of nitrogen (NO x )
Fig. 5 shows oxides of nitrogen for different compression ratios and for A20 blend when compared to the neat diesel fuel. 30°bTDC gives low NO x emission than all other injection timings and compared to that of neat diesel fuel there is a slight increase in NO x emissions. The NO x emission of the A20 blend at the injection timing of 30°bTDC is 340 ppm whereas for diesel it is 320 ppm. This may be due to the presence in biodiesel of oxygen, which leads to complete combustion of biodiesel than diesel. As a result, maximum temperature inside cylinder is more in case of biodiesel than diesel.
Hydrocarbon (HC)
Fig . 6 shows the variations of hydrocarbon emission for injection timing and for A20 blend when compared to that of neat diesel fuel. 30°bTDC gives low HC emission than all other injection timings when compared to that of neat diesel fuel.
The HC emission of the A20 blend at the injection timing of 30°bTDC is 460 ppm whereas for diesel it is 470 ppm. This may be due to viscosity and surface tension that affect penetration rate and droplet size of fuel, which in turn affect mixing of fuel and air. Cetane number of fuel also plays a vital role in ignition process. injection timings when compared to that of neat diesel fuel. The smoke emission of the A20 blend at the injection timing of 30°bTDC is 73HSU whereas for diesel it is 77HSU. This is due to that biodiesel contains excess oxygen, locally over the rich region which decreases the formation of crucial smoke restricted by the favourable effect of the oxygen content biodiesel. This is due to greater accumulation of the fuel during ignition delay period and leads to the fuel injected earlier into the combustion chamber. Fig. 8 shows variations of cylinder pressure with respect to crank angle for different injection timings and for A20 when compared to that of neat diesel fuel. The peak pressure decreases by 4.5% for A20 blend at 24°bTDC, increases by 5.7% for A20 blend at 30°bTDC and increases by 1.4% for A20 blend at 33°bTDC when compared to A20 blend at 27°bTDC. Fig. 9 shows variations of heat release rate with respect to crank angle for different compression ratios and for A20 when compared to that of neat diesel fuel. The maximum HRR increases by 6.8% for A20 blend at 24°bTDC, decreases by 2.03% for A20 blend at 30°bTDC and decreases by 0.66% for A20 blend at 33°bTDC when compared to A20 blend at 27°bTDC. At normal engine conditions the minimum delay occurs with start of injection 10-15°bTDC. The increase in the delay time with earlier or later injection timing occurs because of the air temperature and pressure during delay period. Fig. 10 shows variations of cumulative heat release rate with respect to crank angle for different compression ratios and for A20 when compared to that of neat diesel fuel. The maximum Cumulative HRR decreases by 13.8% for A20 blend at 24°bTDC, decreases by 20.23% for A20 blend at 30°bTDC and decreases by 19.04% for A20 blend at 33°bTDC when compared to A20 blend at 27°bTDC.
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Effect of compression ratio on performance, emission and combustion characteristics
4.3.1. Specific fuel consumption (SFC) Fig. 11 shows variations of specific fuel consumption for different compression ratios and for A20 blend when compared to that of neat diesel fuel. 19.5:1 of compression ratio gives lowest SFC as compared to all other compression ratios and neat diesel fuel. The specific fuel consumption of the A20 blend at the compression ratio of 19.5:1 is 0.30 kg/kW h whereas for diesel it is 0.32 kg/kW h. This is due to the fact that increase in compression ratio reduces BSFC due to reduction in dilution of charge by residual gases, which results in better BTE and lower BSFC. However increase in BSFC is observed with lower compression ratio due to slow combustion pressure because of more charge diameter and lower compression pressure and temperature. Fig. 12 shows variations of brake thermal efficiency for different compression ratios and for A20 blend when compared to that of neat diesel fuel. 19.5:1 of compression ratio gives highest BTE as compared to all other compression ratios and neat diesel fuel. The BTE of the A20 blend at the compression ratio of 19.5:1 is 30.67% and it is almost to that of neat diesel fuel (31.41%). This is due to the fact that increase in compression ratio ensures more complete combustion due to injection of fuel in higher temperature and pressure compressed air, better air-fuel mixing and faster evaporation, whereas, reduction in compression ratio resulted in lower BTE due to lower compression pressure and temperature, slow combustion process, and more dilution by residual gas. Fig. 13 shows variations of carbon monoxide for different compression ratios and for A20 blend when compared to that of neat diesel fuel. 19.5:1 of compression ratio gives lowest CO emission as compared to all other compression ratios and the neat diesel fuel. The CO emission of the A20 blend at the compression ratio of 19.5:1 is 0.05 ppm whereas for diesel it is 0.06 ppm. This may be due to better combustion, and less dilution of charge by residual gases accelerates the carbon oxidation to form carbon dioxide. At lower compression ratio, the carbon monoxide emissions are increased due to more dilution of fresh air with residual gases, lower compression temperature and poor mixing of fuel and air.
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Fig. 14 shows variations of oxides of nitrogen for different compression ratios and for A20 blend when compared to that of neat diesel fuel. 19.5:1 of compression ratio gives lowest NO x as compared to all other compression ratio and the slight increase in NO x emission as compared to that of neat diesel fuel. The NO x emission of the A20 blend at the compression ratio of 19.5:1 is 515 ppm whereas for diesel it is 510 ppm. This may be due to the fact that increase in compression ratio increases the combustion pressure and temperature which accelerates the oxidation of nitrogen to form oxides of nitrogen. At lower compression ratio, the combustion takes place during expansion stroke which results in lower combustion temperature and pressure which leads to lower NO x emission. Fig. 15 shows variations of hydrocarbon emission for different compression ratios and for A20 blend when compared to that of neat diesel fuel. 19.5:1 of compression ratio gives lowest HC emission as compared to all other compression ratios and the neat diesel fuel. The HC emission of the A20 blend at the compression ratio of 19.5:1 is 26 ppm whereas for diesel it is 29 ppm. This may be due to the increase in the air temperature at the end of compression stroke, enhancement in combustion temperature and reduction in charge dilution which leads to better combustion and reduction in hydrocarbon emissions. Increase in hydrocarbon emission is observed with reduction in compression ratio which is due to slow combustion process. 
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Fig . 16 shows variations of smoke emission for different compression ratios and for A20 blend when compared to that of neat diesel fuel. 19.5:1 of compression ratio gives lowest smoke emission as compared to all other compression ratios and the neat diesel fuel. The smoke emission of the A20 blend at the compression ratio of 19.5:1 is 15.7HSU whereas for diesel it is 16.5HSU. This is due to biodiesel that consists of two oxygen atoms which leads to the oxidation of soot and thereby reducing the soot emissions. Fig. 17 shows variations of cylinder pressure with respect to crank angle for different compression ratios and for A20 when compared to that of neat diesel fuel. The cylinder pressure for A20 blend is almost equal to that of neat diesel fuel. This is due to longer ignition delay and lower cetane number of the blend. The cylinder pressure of the neat diesel fuel is higher than that of A20 blend at lower compression ratio. This is due to faster and complete combustion inside the combustion chamber. The maximum rate of increase in pressure is increasing with compression ratio for different blends.
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Fig . 18 shows the variations of heat release rate with respect to crank angle for different compression ratios and for A20 blend when compared to that of neat diesel fuel. The HRR is analyzed based on the changes in crank angle variation of the cylinder. The HRR is increased with lower compression ratio and slightly decreased at higher compression ratio. The HRR of neat diesel is higher than that of A20 blend due to its reduced viscosity and better spray formation. when compared to that of neat diesel fuel. The maximum Cumulative HRR decreases by 12.20% for A20 blend at 16.5:1, decreases by 6.84% for A20 blend at 18.5:1, decreases by 15.50% for A20 blend at 19.5:1 and decreases by 11.39% for A20 blend at 20.5:1 when compared to A20 blend at 17.5:1. This may be due to injection of more quantity of fuel during larger delay period and slow combustion.
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Conclusion
Injection timing of 30°bTDC, along with compression ratio of 19.5 gives better performance, combustion and lower emissions when compared with standard Injection timing of 27°bTDC and compression ratio of 17.5. For all tested values, A20 provides best results in terms of BTE, higher heat release rate, and lower emissions of HC, CO and NO x . Hence A20 can be effectively used as an alternative biodiesel with Injection timing of 30°bTDC along with compression ratio of 19.5 in tested engine. Even though only 20% of Annona methyl ester is added with 80% pure diesel, will meet to a certain extent the shortage of availability of pure diesel. Annona is available with lower cost when compared to diesel in present scenario. Hence AME will be economical also for diesel trains.
